Ionizing radiation is a known risk factor for gastrointestinal (GI) pathologies including cancer. Hormones and related signaling crosstalk, which could contribute to radiation-induced persistent pathophysiologic changes in the small intestine and colon, remain to be explored. The current study assessed perturbation of GI homeostasis-related hormones and signaling pathways at the systemic as well as at the tissue level in small intestine and colon. Mice (6-8 week old C57BL/6J) were exposed to 2 Gy γ radiation, serum and tissue samples were collected, and insulin like growth factor 1 (IGF-1) and leptin signaling were assessed two or twelve months after radiation exposure. Serum levels of IGF-1, IGF binding protein 3 (IGFBP3), leptin, and adiponectin were altered at these times after irradiation. Radiation was associated with increased IGF1 receptor (IGF1R) and obesity (leptin) receptor (Ob-R), decreased adiponectin receptor 1 (Adipo-R1) and 2 (Adipo-R2), and increased Ki-67 levels in small intestine and colon at both time points. Immunoblot analysis further showed increased IGF1R and Ob-R, and decreased Adipo-R2. Additionally, upregulation of PI3K/Akt and JAK2 signaling, which are downstream of IGF1 and leptin, was also observed in irradiated samples at both time points. These results when considered along with increased cell proliferation in the small intestine and colon demonstrate for the first time that ionizing radiation can persistently increase IGF1 and leptin and activate downstream proliferative pathways, which may contribute to GI functional alterations and carcinogenesis.
Introduction
Epidemiological studies in atomic bomb survivors and in nuclear facility workers have implicated radiation exposure as a risk factor for cancer as well as non-cancer gastrointestinal (GI) pathologies in human [1] [2] [3] [4] [5] . A large body of evidence supports the fact that hormones such as insulin like growth factor 1 (IGF1), leptin, and adiponectin regulate GI epithelial cell homeostasis and metabolism, and deregulation of these hormones have been reported to promote cancer and non-cancer diseases in the GI tract [6] [7] [8] [9] [10] [11] [12] [13] . Indeed, a number of case control and prospective studies have reported altered IGF1, leptin, and adiponectin levels in serum as risk factors for colon cancer [7, 13, 14] . It is now established that IGF1 through its stimulatory effects on growth and proliferation and inhibitory effects on cell death plays critical roles in initiation
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International Publisher and promotion of disease processes including colon cancer [15, 16] . Cellular effects of IGF1 are mediated through its membrane-bound receptor IGF1R, which is expressed in normal GI epithelial cells as well as in colon cancer cells, to insulin receptor substrate (IRS1) and then to PI3K/Akt and its downstream effectors. Activities of IGF1 are further regulated by IGF binding protein 3 (IGFBP3), which binds to IGF1 and modulates levels of free bioactive IGF1 [15, 16] . In addition to IGF1, two adipokines secreted from adipocytes, leptin and adiponectin, play important roles in maintaining GI homeostasis. Leptin, on one hand, is known to modulate absorption of nutrients in GI tract, and, on the other, it is also involved in promoting cellular growth and proliferation, inhibiting apoptosis, and stimulating pro-inflammatory responses in small and large intestine [17] [18] [19] . At the molecular level, leptin mediates its growth and proliferative effects via obesity receptor (Ob-R) to activate survival pathways such as JAK/STAT, PI3K/Akt, and MAPK [20, 21] . In contrast, adiponectin through its two receptors (adiponectin receptor 1 or Adipo-R1 and adiponectin receptor 2 or Adipo-R2) exerts negative effects on proliferation and inflammation, and decreased expression of Adipo-R1 and Adipo-R2 is known to enhance proliferative signaling in GI tissues [10, 13, [22] [23] [24] [25] . However, despite the fact that both radiation exposure and hormonal perturbations have separately been linked to intestinal diseases and colon cancer, we are yet to elucidate the complete spectrum of hormones and associated signaling pathway alterations involved in radiation-induced long-term pathophysiologic changes in small intestine and colon. We believe ours is the first report showing increased IGF1 and leptin levels in serum, and upregulated receptors and associated downstream signaling pathways in tissues long term (2 and 12 months after exposure) after a modest dose of γ rays; these observations are suggestive of involvement of IGF1 and leptin signaling in radiation-associated long-term GI consequences.
Materials and methods

Animal care and irradiation.
Six-to eight-week-old female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were maintained in 12 h dark and light cycle at 22 °C in 50% humidity and provided certified rodent diet along with filtered water ad libitum. Mice (n = 10 mice per study group) were exposed to 2 Gy whole-body γ radiation using a 137 Cs source. The radiation dose of 2 Gy was chosen because it is a moderately low sub-lethal dose and it is also a commonly used daily fraction in fractionated radiotherapy [26] .
Post-irradiation, mice were returned to their home cages and monitored regularly and irradiation experiments were repeated three times and control mice were sham irradiated. All animal procedures were performed according to protocols approved by the Institutional Animal Care and Use Committees (IACUC) at Georgetown University. For our research, we followed Guide for the Care and Use of Laboratory Animals, prepared by the Institute of Laboratory Animal Resources, National Research Council, and U.S. National Academy of Sciences.
Tissue and serum collection.
Serum, and small intestine and colon tissues were collected two or twelve months after radiation for further analysis. Mice were euthanized as per approved protocol using CO 2 asphyxiation and blood samples were collected by cardiac puncture immediately after euthanasia using sterile 1 ml syringes and 25G needles. Serum was flash frozen in liquid N 2 , and kept at -80 °C for further use. Sections (3 cm) from the jejunum-ileum area and colon were surgically dissected out from each mouse, fixed in 10% buffered formalin, and 4 μm thick sections were prepared after paraffin embedding for histology and immunohistochemistry.
Serum hormone estimation.
Serum IGF1 concentrations were measured using IGF-1 Quantikine ELISA kit (Cat# MG100, R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. For each mouse sample, measurement was performed in duplicate and the assay has a detection sensitivity of 8.4 pg/ml with < 0.5% cross-reactivity with available related molecules.
Serum IGFBP3 concentrations were measured using IGFBP3 ELISA kit (Abcam, Ab100692, Cambridge, MA) according to the manufacturer's protocol. Measurements were performed in duplicates and the assay has a detection sensitivity of <70 pg/ml. Molar ratio of IGF1/IGEBP3 was calculated as per procedure described earlier [9] . Serum leptin concentrations were measured in duplicate using leptin ELISA kit (Cat#KMC2281, Life Technologies, Grand Island, NY) according to the manufacturer's protocol. The assay has a detection sensitivity of <50 pg/ml. Serum adiponectin concentrations were measured in duplicate using adiponectin ELISA kit (Cat# KMP0041, Life Technologies, Grand Island, NY) according to the manufacturer's protocol. This assay has a detection sensitivity of <50 pg/ml.
Immunoblot analysis.
Frozen small intestine and colon tissue samples from 5 mice were pooled, homogenized in ice-cold lysis buffer (0.5% sodium deoxycholate; 0.5% NP- . Immunoblot membranes were developed using horseradish peroxidase (HRP) conjugated secondary antibody and enhanced chemiluminescence (ECL) detection system (Thermo Fisher Scientific, Rockville, MD). Images were captured on x-ray films and scanned images were used for densitometric quantification by ImageJ v1.46 software (National Institutes of Health, Bethesda, MD). Band intensity was normalized to β-actin band intensity in respective column, results are expressed as fold change (irradiated/control) in the irradiated group relative to sham-irradiated controls, and representative images are shown in the results.
Histology and immunohistochemistry.
Small intestine and colon sections were stained with hematoxylin and eosin (H&E) using standard protocol for histologic analysis. Morphometric analysis of the crypts and villi was also performed on these sections as described previously [27] . Briefly, images were captured using bright field microscopy at 4X microscopic magnification and heights of the five well oriented crypt-villus units in small intestine and crypts in colon were measured in each section (n=10 sections from ten mice per group and total 50 units were measured in each group) by an observer blinded to the treatment groups. The measurement was performed using ImageJ v1.46 software. Furthermore, a pathologist, also blinded to the treatment groups, performed histologic analysis of the stained sections for inflammatory cells and tumors. Immunostaining (n=5 mice per group) for Ki-67 (dilution-1:50, Sc15402, Santa Cruz Biotechnology), IGF1R (dilution-1:50, sc-7952, Santa Cruz Biotechnology), Adipo-R1 (dilution 1:50, sc-99183, Santa Cruz Biotechnology), Adipo-R2 (dilution 1:50, sc-99184, Santa Cruz Biotechnology), and Ob-R (dilution-1:40, sc-1834, Santa Cruz Biotechnology) was performed following antigen retrieval using citrate buffer (pH 6.0). SuperPicture 3 rd -generation IHC detection kit (Invitrogen, Carlsbad, CA) was used for signal detection and color development. Five slides from five mice in each group were stained for each protein and a representative image from one animal is presented in results. To determine the specificity of the staining, appropriate controls were run in parallel with the experimental slides.
Immunohistochemistry quantification and statistical analysis.
Images from anatomically similar regions of the small intestine and colon were captured by bright field microscopy at 20X microscopic magnification, and ten images from randomly selected visual fields were captured from each slide for quantification. While Ki-67 positive cells were counted using color deconvolution as well as Image-based Tool for Counting Nuclei (ITCN) plug-ins, staining intensity of IGF1R, Adipo-R1, Adipo-R2, and Ob-R were analyzed using color deconvolution feature of the ImageJ v1.46 software as per protocol described earlier [28] [29] [30] . To determine differences between the two groups, statistical analysis was performed with a two-tailed paired Student's t test and p < 0.05 was taken as statistically significant. Error bars represent mean ± standard errors of the mean (SEM).
Results
Radiation exposure increased serum IGF1 levels, decreased IGFBP3, and increased IGF1R.
Compared to sham irradiated controls, a small but significant increase in serum IGF1 was observed 2 months after irradiation ( Figure 1A) . Conversely, serum IGFBP3 was significantly decreased 2 months after irradiation ( Figure 1B) . Consequent to increased IGF1 and decreased IGFBP3, we observed a significantly increased IGF1/IGFBP3 molar ratio suggestive of increased free IGF1 ( Figure 1C) . Furthermore, serum IGF1 level was increased and the IGFBP3 level was decreased leading to increased IGF1/IGFBP3 molar ratio even 12 months after radiation exposure ( Figure 1D, E, and F) . Considering that greater serum hormonal alterations were observed at the 12-month time point relative to 2-month, immunohistochemical and immunoblot analysis were performed in the 12-month samples. IGF1R expression was increased in irradiated samples relative to controls in small intestine ( Figure 1G and H) and in colon ( Figure 1I and J) at the 12-month time point.
Serum leptin levels were increased after irradiation.
Serum adiponectin levels were not significantly altered 2 months after radiation exposure relative to controls (Figure 2A) . However, serum leptin levels were significantly increased at this time, relative to sham-irradiated controls ( Figure 2B) . Since, the leptin/adiponectin ratio (L/A ratio) is considered as an additional risk factor for CRC, we calculated the L/A ratio, and found significantly higher ratio at 2-month post-irradiation relative to controls ( Figure 2C) . Also, serum adiponectin levels remained unchanged (Figure 2D) , but leptin levels and L/A ratio increased significantly ( Figure 2E and F) in the 12-month post-irradiation samples. Irradiation increased Ob-R but decreased Adipo-R1 and -R2 levels in small intestine and colon 12 months after irradiation.
Increased Ob-R immunostaining was observed in small intestine sections ( Figure 3A) and quantification of immunostaining showed significantly higher Ob-R in irradiated samples relative to sham-irradiated controls ( Figure 3B) . Increased Ob-R expression was also observed in colon sections of irradiated mice ( Figure 3C ) and levels of Ob-R were significantly higher in irradiated vs. sham-irradiated mice ( Figure  3D ). In addition, Adipo-R1 immunostaining was decreased in colon samples of irradiated mice ( Figure  3E ). Quantification showed statistically significant downregulation of Adipo-R1 in colon ( Figure 3F ) relative to controls. However, we did not observe any alterations in Adipo-R1 level in small intestine sections of irradiated mice (data not shown). Also, Adipo-R2 in small intestine ( Figure 3G ) and colon ( Figure   3I ) was decreased after irradiation. Quantification showed significant downregulation of Adipo-R2 in small intestine ( Figure 3H ) and colon ( Figure 3J ) after irradiation.
Radiation-induced IGF1 and leptin activated downstream proliferative signaling pathways in small intestine and colon 12 months after irradiation.
Immunoblot analysis of small intestinal tissue showed significantly increased IGF1R, insulin receptor substrate 1 (IRS1), p85, Akt, and phospho-Akt (p-Akt) levels after radiation exposure (Figure 4A and  B) . Importantly, we also observed significantly increased Ob-R, decreased Adipo-R2, and increased JAK2 and phospho-JAK2 (p-JAK2) in small intestinal tissues of irradiated mice relative to sham-irradiated controls (Figure 4A and B) . Immunoblot analysis of colon tissue also showed significantly increased IGF1R, IRS1, p85, Akt, and p-Akt levels after radiation exposure (Figure 5A and B) . Notably, significantly increased Ob-R, decreased Adipo-R2, and increased JAK2 and p-JAK2 was also observed in colon tissues of irradiated mice relative to sham-irradiated controls (Figure 5A and B) . Immunohistochemical analysis of Ki-67 positive cells in small intestine (Figure 5C and D) and colon ( Figure 5E and F) tissues of irradiated mice showed significantly higher expression than in the control samples. Histologic analysis of small intestine and colon sections at this time point did not show significant difference in inflammatory cell numbers in irradiated groups relative to controls (data not shown). Morphometric analysis showed increased height of the crypt-villus units in small intestine (Figure 6A and B) and crypts in colon ( Figure  6C and D) . 
Discussion
While radiation exposure is known to be a risk factor for chronic intestinal diseases such as malabsorption, intestinal inflammatory conditions, and colon cancer [1, 2, [7] [8] [9] [10] [11] , our knowledge with respect to tissue specific molecular pathway alterations especially hormonal pathways that are associated with long-term sequela of radiation exposures in the GI tract are limited. Here we demonstrated that exposure to a γ radiation dose (2 Gy) commonly used as a daily fraction in radiotherapy resulted in long-term alterations of hormones, IGF1, leptin, and adiponectin, which are involved in the homeostasis of the GI tract. An interesting point to note in the current study is that in control mice there was an age related increasing trend in serum levels of IGF1, leptin, and adiponectin with increased levels in 12-month relative to 2-month control mice. While age-related increased IGF1 and adiponectin levels were not statistically significant, leptin levels were significantly higher in 12-month relative to 2-month control samples and are in agreement with earlier reports [31, 32] . We also showed that radiation exposure persistently increased IGF1R and Ob-R, and decreased Adipo-R1 and Adipo-R2 expression in mouse small intestine and colon. We believe altered expression of receptors is working in tandem (summarized in Figure 7 ) with perturbed hormonal levels towards activation of downstream proliferative signaling pathways leading to increased intestinal and colonic epithelial cell proliferation indicated by increased Ki-67 staining and mucosal growth. In the GI tract, epithelial cell proliferation, differentiation, and migration are tightly regulated and crypts with stem and progenitor cells are critical for the regular cellular turnover in small intestine as well as in colon [33] . In this regard, a closer examination of our immunoprobed tissue sections apart from showing altered expressions of IGF1R, Ob-R, Adipo-R1 and R2, and Ki-67 also show that these altered expression levels are predominantly localized in the crypts suggesting that stem and progenitor cells are affected. However, additional studies using stem cell specific mouse models [34] would aid in delineating roles of stem cells in IGF1 and leptin signaling-associated changes and their potential for initiating pathophysiological processes in small intestine and colon.
There has been considerable research linking IGF1 to regulation of GI cell proliferation, and differentiation and thus to maintenance of GI homeostasis and optimal functioning. Furthermore, IGF1 due to its mitogenic and anti-apoptotic properties is also linked to colon cancer initiation and promotion and in-creased IGF1 and IGF1/IGFBP3 molar ratio is reported to be a risk factor for colon cancer [14, 16] . However, the roles of IGF1 signaling in radiation-induced GI disorders have not yet been explored. Considering that the bioavailability of IGF1 is in part regulated by IGFBP3, increased IGF1 and IGF1/IGFBP3 molar ratio observed in our study even 12 months after irradiation is indicative of increased free IGF1 available to bind to its receptor, IGF1R. Small intestine and colon epithelial cells express IGF1R and upon IGF1 binding, the receptor-ligand internalizes to activate its downstream effector pathways to promote cell proliferation [35] . While IGF1-binding-mediated activation of IGF1R, a member of the type II receptor tyrosine kinase family, is known to upregulate IGF1R adaptor protein, IRS1 [35] , the current study is indicative of a connection between radiation exposures and the IGF1/IGF1R/IRS1 axis and has implications for radiation-related colorectal carcinogenesis. We also demonstrated that radiation exposure led to activation of pro-proliferative PI3K/Akt pathway, which is considered to be downstream of IRS1 [35] . Although, IGF1/IGF1R/IRS1-mediated PI3K/Akt signaling axis has been reported earlier [35] , our study is suggestive of a relationship between radiation and PI3K/Akt via IGF1/IRS1, which could be contributing to observed cell proliferation. Importantly, a persistently decreasing trend of IGFBP3 with increasing trend of IGF1 level, we speculate, is providing further impetus to cell proliferation through greater bioavaiability of free IGF1 to bind to IGF1R. Interestingly, IGFBP3 itself has been shown to promote apoptosis via its direct effects on target cells independent of IGF1 [15] and chronic low IGFBP3 level observed in our study could reinforce proliferative effects of IGF1.
Increased levels of leptin, similar to IGF1, have also been reported to have a positive effect on cellular proliferation, and a negative effect on apoptosis, a corner stone of functional alterations as well as carcinogenesis [19] . Importantly, in the current study, increased leptin level was associated with increased expression of its receptor (Ob-R) as well as activation of downstream JAK2 pathway in small intestine as well as in colon providing further credence to observed cell proliferation. On the other hand, crosstalk between leptin and IGF1 pathway via JAK2 and IRS1 has been reported earlier [36, 37] . Consequently, when considered along with the fact that leptin has also been reported to promote IGF1 expression via JAK2/STAT5 pathway [38] , our results of upregulated IGF1 and leptin support the notion that the radiation-induced persistent proliferative signal was in part due to co-operation between leptin and IGF1 pathways. Adiponectin is known to oppose proliferative signals of IGF1 and leptin [39, 40] and our results of decreased adiponectin levels along with decreased Adio-R1 and Adipo-R2 expression could further contribute to cell proliferation through reduced antagonism to leptin and IGF1 signaling. Figure 7 . Summary of radiation-induced persistent alterations of IGF1 and leptin signaling pathways observed in our study. Radiation exposure was associated with decreased IGFBP3, increased IGF1 and IGF1R, and activation of PI3K/Akt pathway via IRS1. Radiation exposure also decreased adiponectin and Adipo-R, increased leptin and Ob-R, and activated JAK2 pathway. Adiponectin antagonizes IGF1 and leptin, and decreased adiponectin and its receptors are expected to further promote IGF1 and leptin signaling through reduced antagonism. There is also existence of crosstalk between JAK2 and PI3K/Akt via IRS1 and combined activation of these two pathways is contributing to intestinal cell proliferation with potential for intestinal disorder and colon cancer.
Both leptin and IGF1 are known to influence cellular energy metabolism and are considered markers of obesity [7, 12] . Conversely, radiation has also been reported to alter cellular metabolism especially at non-lethal doses [41, 42] and a number studies reported increased adiposity and body weight after radiation exposure [43] [44] [45] . Our study, in agreement with what has been reported in the literature, did note an increasing trend in the body weight of 12-month post-irradiated mice relative to sham-irradiated controls. However, increased body weight (irradiated vs. sham-irradiated) was not statistically significant (data not shown). Nonetheless, altered body weight trend attains importance in light of activated IGF1 and leptin signaling, which are known to link two important cellular processes, metabolism and proliferation [14, 16] . Increased metabolism is essential to meet increased energy demand of the expanding cell population and radiation-induced activation of IGF1 and leptin signaling was associated with increased cell proliferation evidenced not only by increased Ki-67 staining but also by increased mucosal height shown in the morphometric analysis of the H&E stained small intestine and colon sections of irradiated mice [27] . Increased cell number observed in the current study may not be categorized as compensatory proliferation, which occurs due to signaling from high dose radiation-induced apoptotic cells or from apoptotic but death-blocked cells [46] . Considering that TUNEL staining did not show increased cell death in irradiated mice exposed to a sub-lethal 2 Gy dose relative to controls exposed to sham-radiation (data not shown and [28] ), increased proliferation leading to epithelial cell hyperplasia, we believe, is due to activation of IGF1/leptin signaling and is in line with what has been reported earlier about the effects of these two hormones on GI cell proliferation [47] [48] [49] . Furthermore, pro-proliferative effects of IGF1 and leptin pathways have also been implicated in intestinal disorder and colon cancer [50, 51] . Notably, we did not observe any intestinal and colon tumorigenesis in these post-irradiated wild type mice within the duration of our study (data not shown). Also, histologic examination and immunoprobing for inflammatory cells did not show any difference between irradiated and controls suggesting that the radiation dose used in the current study did not induce inflammatory cell infiltration mimicking inflammatory bowel disease (data not shown). However, we believe that additional studies using relevant mouse models will be required to reveal roles of IGF1 and leptin signaling in radiation-related inflammatory bowel disease and colorectal cancer [52] [53] [54] .
In summary, our results, when considered along with the fact that IGF1, adiponectin, and leptin are multifunctional hormones with roles in immune function, energy homeostasis, cellular proliferation, metabolic regulation, and carcinogenesis [55, 56] , have important implications not only for molecular understanding of radiation-induced chronic intestinal functional alterations and colorectal carcinogenesis but also for development of preventive strategies against long-term sequela of radiation exposure in GI tract. Also, considering that very little has been explored so far to reveal underlying mechanisms involved in non-lethal radiation-induced hormonal and metabolic perturbations in relation to GI disorders, our study, we believe, will provide further impetus to undertake research in this area involving varying radiation types and doses relevant to the clinics, genetic background, age, gender, and intervention strategies.
